Introduction: Waterpipe tobacco smoking has increased in prevalence worldwide, including among pregnant women. In this study, we investigated the effect of prenatal maternal waterpipe tobacco smoke (WTS) exposure during different stages of pregnancy on learning and memory of adult offspring rats. Methods: Pregnant rats received either fresh air or mainstream WTS (2 hours daily) during early, mid, late, or whole gestational period. Male offspring rats were followed through 20 weeks. Outcomes included (1) spatial learning and memory using the radial arm water maze (RAWM), (2) levels of brain derived neurotrophic factor (BDNF) in the hippocampus, and (3) oxidative stress biomarkers (superoxide dismutase, catalase, glutathione peroxidase and thiobarbituric acid reactive substances). Results: Relative to offspring whose mothers were exposed to fresh air, prenatal exposure to WTS at any stage of pregnancy resulted in short-and long-term memory impairment in adult offspring rats (p < .05). This impairment was associated with reduced levels of BDNF in hippocampus (p < .05). However, prenatal WTS did not affect the level of oxidative stress biomarkers in hippocampus. Prenatal WTS during late gestation increased the activity of catalase as compared to control. Conclusion: Prenatal maternal WTS exposure can impair the memory of adult male offspring. These results support development of interventions that target pregnant women who smoke waterpipe during pregnancy. Implications: We examined for the first time the effect of prenatal waterpipe tobacco smoke exposure on learning and memory of offspring. The results showed that in utero exposure to waterpipe tobacco smoke was associated with impaired memory and decreased brain derived neurotrophic factor in hippocampus of adult male offspring rats.
Introduction
The tobacco use epidemic includes around one billion users worldwide and is responsible for about five million deaths each year. 1 The prevalence of tobacco smoking during pregnancy has been increasing globally. 2 The harmful consequences of prenatal tobacco smoke on offspring begin early and include low birth weight 3 and increased infant mortality. 4 They are also apparent later in life, including increased risk of developing hypertension, 5 asthma 6 and cognitive and behavioral disturbances 7 that are a result of compromised maturation of brain neurons. 8 All of these detrimental effects observed in the offspring of pregnant smokers likely are due to the many toxicants delivered by tobacco products, including carbon monoxide and nicotine. 9 Smoking tobacco using a waterpipe, also known as hookah, shisha, goza, narghile, arghileh, and hubble-bubble, is one form of tobacco consumption that is increasing in prevalence worldwide 10 and it is now recognized as a public health problem. 10 With increased prevalence comes greater acceptability, particularly in some populations. For example, evidence suggests that, relative to cigarette smoking, waterpipe tobacco smoking is gaining acceptability among girls and women, especially in the Arab world. 11 In some Arab countries, around 4-9% of pregnant women smoke waterpipe. 10, 12 Waterpipe tobacco smoke (WTS) contains many toxicants such as carbon monoxide, nicotine, tar, volatile aldehydes, heavy metals, and a variety of carcinogens such as polycyclic aromatic hydrocarbons and nitrosamines. 13 Waterpipe tobacco smoking during pregnancy has been shown to be associated with low birth weight, newborn length, and head circumference. 14 In rodents, prenatal exposure to WTS produces low birth weight, low growth rate, and lower survival rates of offspring. 15 The central nervous system develops rapidly in utero and hence is highly susceptible to environmental insults. 16 In animal models, prenatal exposure to cigarette smoke reduces the cortical thickness and neuronal density as compared to unexposed groups. 17 Human studies suggest that prenatal cigarette smoke exposure results in reduced head circumference and brain volume in neonates. 18, 19 However, the effect of prenatal WTS on learning and memory is still unclear. Herein, we examined, for the first time, the effect of prenatal WTS exposure during different stages of pregnancy on learning and memory of adult offspring rats and also investigated the involvement of oxidative stress and brain derived neurotrophic factor.
Methods

Animals
Adult male and female Wistar rats, 200-250 g, were purchased from the Animal Care Unit at Jordan University of Science and Technology (JUST; Irbid, Jordan). All experimental procedures were in accordance with JUST's Animal Care and Use Committee (ACUC). Rats were kept at 12 hours light and 12 hours dark cycle at 25°C and free access to food and water. Female and male pairs were kept in the same cage overnight for mating and were checked the next morning for the appearance of a vaginal plug, a marker of pregnancy. 20 The day that pregnancy was confirmed, was considered pregnancy day 0. Female rats were assigned randomly to receive fresh air (control) or WTS during early gestation (pregnancy days 0-7), mid gestation (pregnancy days [7] [8] [9] [10] [11] [12] [13] [14] , late gestation (pregnancy days [14] [15] [16] [17] [18] [19] [20] [21] or whole gestation (pregnancy days 0-21).
Waterpipe Tobacco Smoke Exposure
Female rats (n = 10) in experimental groups were exposed to WTS for 2 hours/day with one hour rest between the exposure sessions during the specified pregnancy days. Animals were exposed to waterpipe smoke in the first quarter of light onset. The exposure period/ protocol were based on a previous study. 15 This exposure protocol has been shown to be associated with adverse effects on pregnancy outcomes including growth retardation. 15 The exposure to WTS was through whole-body exposure apparatus as described previously. 21 Briefly, the apparatus is composed of waterpipe machine and an exposure chamber. The waterpipe machine uses a diaphragm pump to draw the smoke and discharge it into the exposure chamber. The smoking apparatus is performed in accordance with Beirut Method that is designed to provide 171 puffs of 2.6 seconds duration and 17 seconds between the puffs. The puffs were monitored by a puff topography instrument to provide the mean puff volume of 530 ml, similar to human puff topography that was measured during actual waterpipe smoking sessions. 22 Nakhla Double Apple tobacco, one of the most popular and widely smoked Moassel, was used. The company did not give the exact ingredient of Moassel. However, it usually contains tobacco, molasses, glycerin and natural flavors. During the whole exposure period, the level of carbon monoxide (CO) in the exposure chamber was adjusted to maintain the level of CO exposure at similar levels for all pregnant rats (950 ± 134 ppm, mean ± SD).
At the end of the exposure session, WTS was stopped and pregnant female rats were kept at clean fresh air until the next session. After completing the assigned period of WTS-exposure, the pregnant rats were kept at clean fresh air until delivery.
Behavioral Test
Radial arm water maze (RAWM) was used to test spatial learning and memory of the adult male offspring rats as described previously. 23 RAWM was carried out on 10 male adult offspring rats (20 weeks old, one pup/litter) from each group (WTS exposed groups and control). Male offspring rats were used due to male advantage for different spatial learning and memory tasks. 24 Briefly, The RAWM is a black, circular, water-filled tub (water temperature: 24 ± 1 °C; dimensions: 167 cm diameter, height 55 cm, 43 cm deep) with six V-shaped stainless steel plates (49 cm height, 55 cm length) arranged to form a swimming field of an open central area and six arms (arm width 35 cm). This test was composed of a learning phase that consisted of twelve consecutive trials; the first six trials followed by 5 minutes rest then another six trials. Short-term memory testing was done 30 minutes, and long-term memory 5 and 24 hours after the end of the last trial of the learning phase. The above described sequence was done only one time in one day. In each trial, the animal was started in a different starting arm, except the goal arm, which was fixed for a particular day for a particular rat. To avoid odor trail, no consecutive animals were trained on the same goal arm. In each trial, the rat was allowed 1 minute to swim freely in the maze to find the hidden platform. Once the rat is on the platform, the rat was allowed 15 seconds to observe visual cues before the next trial. The cues were available for the rats in fixed positions on the walls throughout the days of the experiments. When a rat was unable to find the platform within the 1 minute period allowed, it was guided toward the platform and left there for a 15 second. During the 1 minute period, each time the rat entered an arm other than the goal arm, an error was counted. Entry occurred when the whole body of the rat (not including the tail) was inside the arm. Although rats naturally swim, swimming is considered as aversive stimulus for rats that might help in reducing learning time. 25 Thus, all rats had the motive to swim in an effort to find the hidden platform.
Hippocampus Dissection
Animals were sacrificed by decapitation 48 hours after testing of long-term memory. Dissection of hippocampus was performed in accordance with previous report. 23 Briefly, hippocampus was isolated from the brain and was immersed in liquid nitrogen then stored at −80°C till tissue homogenization.
Measuring Oxidative Stress Markers and Brain Derived Neurotrophic Factor
Hippocampus tissues were homogenized using a homogenizer (Tissue Master-125, Omni International, Kennesaw, GA, USA) with lysis buffer and protease inhibitor cocktail (Sigma-Aldrich Corp., MI, USA) as described previously. 23 Total protein concentration was measured using a commercially available kit (BioRAD, Hercules, CA, USA). The activity of anti-oxidative enzymes superoxide dismutase (SOD) (Sigma-Aldrich Corp., MI, USA), catalase (Cayman Chemical, MI, USA) and glutathione peroxidase (GPx) (SigmaAldrich Corp., MI, USA) were measured in hippocampus homogenates following manufacturer instructions. Levels of brain derived neurotrophic factor (Sigma-Aldrich Corp., MI, USA) and thiobarbituric acid reactive substances (TBARS) (Cayman Chemical, MI, USA) were measured in hippocampus homogenate. ELISA plates were read at the specified wave lengths determined by the kits using Epoch Biotek microplate reader (BioTek, Winooski, VT, USA).
The enzyme activities, TBARS and BDNF levels were normalized to total protein in each sample.
Statistical Analysis
All statistics were carried out using the GraphPad Prism (4.0) computer program. Comparisons of the number of errors during the RAWM were made using two-way ANOVA; followed by Bonferroni posttest. The two factors were time (repeated measures factor, 3 levels corresponding to testing occurring 0.5, 5, and 24 hours after the learning phase) and treatment (between subjects' factor, 5 levels corresponding to control group and WTS exposure at early-, mid-, late-, or whole-gestation period) were the independent variables. Comparisons of number of errors during short-and long-term memory, oxidative stress biomarkers and BDNF levels were made using one-way ANOVA with between-group 5 levels. p < .05 was considered significant. All values were represented as mean ± standard error means (SEM).
Results
The Effects of Prenatal WTS on Learning and Memory
All rat groups, either control or WTS, learned the location of the hidden platform ( Figure 1 ) and there was no significant difference between the groups (p > .05) in all learning trials (trials 1-12).
In short-term memory test, that was performed 30 minutes after the last learning trial, and long-term memory, that was performed after 5 and 24 hours of the last learning trial, all offspring rats who were exposed to WTS prenatally made significantly more errors as compared to control offspring rats (p < .05) ( Table 1) . However, the Figure 1 . Performance of adult offspring rats during learning phase of radial arm water maze Offspring rats that were exposed prenatally to fresh air (control) or WTS for 2 hours per day during early gestation (0-7 days), mid gestation (7-14 days), late gestation (14-21 days) or whole gestation (0-21 days) (n = 10). Each offspring rat was trained for 12 trials, each 6 was separated by 5 minutes rest phase. Performance of animals was recorded as the average number of errors in each trial. Values were expressed as mean ± SEM. p < .05 was considered significant. Short-term memory 0.7 ± 0.2 2.7 ± 0.5* 2.9 ± 0.5* 3.2 ± 0.7* 3.6 ± 0.9* Long-term memory at 5 h 0.9 ± 0.3 3.9 ± 0.6* 3.9 ± 0.9* 4.0 ± 0.9* 4.1 ± 0.8* Long-term memory at 24 h 0.5 ± 0.2 3.6 ± 0.8* 3.5 ± 0.8* 5.0 ± 0.9* 4.1 ± 1.0* * Indicates significant difference from control group. Values were expressed as mean ± SEM. P < 0.05 was considered significant.
time and duration of prenatal WTS exposure did not affect the number of made errors ( Table 1 ).
The Effects of Prenatal WTS on BDNF Levels
The level of BDNF in hippocampus of offspring rats was reduced by prenatal WTS exposure during early (325.1 ± 28.4 ng/mg protein), late (478.5 ± 98.2 ng/mg protein) and whole pregnancy period (386.2 ± 88.9 ng/mg protein), but not mid (547.7 ± 45.5 ng/mg protein) gestation, as compared to control offspring (772.8 ± 81.9 ng/ mg protein, p < .05) (Figure 2 ).
The Effects of Prenatal WTS on Oxidative Stress Markers
The activity of SOD, GPx and level of TBARS in hippocampus were not affected by prenatal exposure to WTS in early, mid, late and whole gestation relative to unexposed offspring (p > .05) ( Table 2 ). Additionally, the catalase level did not differ significantly in hippocampus of rats whose mothers were exposed to WTS during early, mid and whole compared to unexposed offspring (p > .05). However, offspring that were exposed to WTS in late gestation had higher catalase level (28.32 ± 2.86, μM/mg protein) compared to unexposed offspring (19.5 ± 1.4 μM/mg protein, p < .05) ( Table 2 ).
Discussion
The current study found that prenatal exposure to WTS did not alter learning but induced short-and long-term memory impairment in adult offspring rats regardless of level of WTS exposure duration during pregnancy. The impairment was associated with reduction of BDNF level in hippocampus. However, there was no evidence that prenatal WTS exposure affected the level of oxidative stress biomarkers in hippocampus, except catalase at prenatal WTS exposure at late gestation, reliably under the conditions reported here.
Prenatal WTS exposure induced cognitive impairment in adult offspring rats regardless of the exposure duration or the stage of pregnancy. The observed impairment of cognitive function in WTSexposed offspring groups is consistent with previous results of prenatal cigarette smoke exposure. Passive tobacco smoking during pregnancy has been shown to induce learning and memory impairment of offspring mice as evaluated by the water maze test and long-term potentiation. 26 Amos-Kroohs and colleagues found that prenatal exposure to cigarette smoke and during lactation period resulted in long-term adverse effects on brain function that includes subnormal anxiety in a novel environment and impairs spatial and reference memory of offspring mice. 27 Though different brain regions play different roles in learning and memory, hippocampus is a critical player. 28 It has been shown that tobacco smoking reduces total hippocampus volume with age to a greater extent as compared to nonsmokers. 29 Injected nicotine (2.5 mg/kg/day) from gestational day 6-21 reduced the neuronal area of dentate gyrus, CA1 and CA3 regions of the hippocampus in offspring rats on postnatal day 40. 30 In addition, exposure to nicotine from gestational day 3 to day 18 induced learning and memory deficits in adult offspring mice. 31 Prenatal exposure to nicotine from day 7-21 of gestation affected the function and stoichiometry of glutamate receptors, the main modulator of learning and memory, in adult rat hippocampus. 32 Different molecules are involved in hippocampus-dependent learning and memory and BDNF is an essential player 33 that has a critical role in synaptic plasticity and synaptogenesis. 34 Mice lacking BDNF in hippocampus showed impaired learning and spatial memory. 35 Human studies revealed that reduced level of BDNF was associated with low cortical thickness. 36 We found here that prenatal WTS reduced the level of BDNF in hippocampus in adult stage regardless of the WTS initiation. However, there was no difference between BDNF levels in offspring rats that were exposed to WTS during early, mid, late or whole gestation. Our result is consistent with a previous study where prenatal exposure to cigarette smoke 8.8 ± 0.6 7.9 ± 0.6 8.5 ± 0.7 9.7 ± 0.7 8.5 ± 0.9 * Indicates significant difference from control group. Values were expressed as mean ± SEM. P < 0.05 was considered significant. . Hippocampal BDNF levels. BDNF level was measured in hippocampus of offspring rats that were exposed prenatally to fresh air (control) or WTS forresulted in a significant reduction of BDNF mRNA expression and protein levels in striatal and cortical brain regions. 37 Additionally, adult smokers had lower levels of plasma BDNF as compared to nonsmokers. 38 Reduced BDNF level was also linked to the development of several behavioral abnormalities such as aggressive behavior, hyperactivity and depressive like behavior, 37 and neurological conditions such as Alzheimer's disease and Parkinson's disease. 39 Therefore, the reduced BDNF levels by prenatal WTS exposure points toward the alarming preventable consequences that could develop beside memory impairment. A study by Hawley and colleagues showed that exposure of animals to RAWM altered expression of BDNF in the hippocampus sub regions. 40 Thus, RAWM, in addition to waterpipe smoke exposure, might play a role in modulating BDNF expression in the hippocampus. However, in the current study both groups (control and waterpipe) were equally exposed to RAWM. Thus, the observed decrease in BDNF level in waterpipe group was most likely due to exposure to waterpipe smoke.
Alzoubi and colleagues reported that exposure of adult rats to WTS caused short-and long-term memory impairment that was associated with oxidative stress disturbances in hippocampus. 23 Exposure to WTS leads to the production of large amount of free radicals and the subsequent tissue inflammation and damage. 41 The level of SOD, catalase and GPx were reduced while oxidized glutathione was increased in hippocampus of rats that were exposed to WTS for 4 weeks. 23 Oxidative stress has been implicated in several cognitive impairments in different conditions such as aging and neurodegenerative diseases. 42 In this study, the activity of SOD and GPx in hippocampus of offspring rats were not affected by prenatal WTS exposure. However, there was a trend of increased catalase activity by prenatal WTS but the difference was not significant. The exposure to WTS at late gestation increased the catalase activity in hippocampus of offspring rats. A study by Khanna and colleagues reported reduced catalase activity in cerebrum and cerebellum of offspring rats that were exposed to nicotine, the major constituent of tobacco smoke, from gestational day 7-14, but not from gestational day 2-9. 43 Therefore, the effects of prenatal nicotine exposure varied during the different developmental stages of brain as well as the time of tissue collection and analysis. Prenatal WTS did not affect the level of TBARS, a byproduct of lipid peroxidation, in the hippocampus of offspring rats. The lack of an observed effect in the current study on oxidative stress biomarkers could be related to the adaptive response to exposure to WTS during prenatal/developmental period as opposed to adulthood exposure in our previous study. 23 To further confirm these findings, a larger experiment with more animals is needed. Current results are also inconsistent with a previous report of the increased oxidative stress level in the brain of offspring animals that were exposed to in utero cigarette smoke. 44 This effect could be due to differences in the exposure duration. Chan and colleagues exposed female mice to the smoke from two cigarettes twice daily for six weeks prior to mating and throughout gestation and lactation. 44 However, current results did not cover all oxidative stress biomarkers and more studies are needed to evaluate the effect of WTS on other oxidative stress markers such as glutathione species, hydrogen peroxide, malondialdehyde, and 8-isoprostanes among others with more rats. Therefore, more work is required to evaluate the oxidative stress level in pups and young adult offspring rats.
In this study, we used whole-body exposure system to study the effect of prenatal WTS on learning and memory of offspring rats. There are two methods in inhalational experiments; nose-only exposure where the animals are restrained and exposure is localized to nose, and whole-body exposure where the animals are unstrained and exposed to the atmosphere. 45 In the nose-only exposure system, the pregnant animals are under stress from the restraint that could influence the neuronal volume in the hippocampus of adult offspring animals. 46 Although whole-body exposure system excludes the effect of stressful restraint, oral ingestion could affect the extent of absorption. 45 However, whole-body exposure system is used frequently to assess the effect of cigarette tobacco smoke in small animals. 47 Waterpipe smoke contains large amounts of CO, nicotine and several other toxic compounds. 13 Li and colleagues showed that prenatal exposure to nicotine resulted in learning and memory impairment in offspring. 48 Mactutus and Fechter reported in 1984 that prenatal exposure to CO resulted in learning and memory deficit in offspring. 49 Therefore, more studies are needed to investigate whether the impaired memory induced by prenatal WTS is due to nicotine, CO or other toxic compounds in WTS. Concentrations of nicotine and cotinine were not measured in the current study and hence future studies should focus on measuring their levels to correlate them with human levels. In addition, studies have shown that exposure of rodents to cigarette tobacco smoke during the early postnatal period, a very important period for the neurodevelopment of rodents, is associated with adverse effects on adult offspring. 27, 50 Therefore, future studies directed toward examining the effect of waterpipe smoke exposure during this period is of interest and granted by future studies.
In conclusion, prenatal exposure to waterpipe tobacco smoke, at any stage of pregnancy, impaired short-and long-term memory in offspring animals, and this impairment was associated with reduced levels of brain derived neurotrophic factor in hippocampus. However, there is no evidence on the involvement of oxidative stress in the hippocampus in this impairment. Many countries' regulations focus on the appearance of health warnings on cigarette packs but few countries warn the public about the health effects of waterpipe tobacco smoke. The identified relationship of prenatal WTS exposure and memory impairment suggests a need for polices to increase public awareness about the harmful effects of waterpipe tobacco smoking during pregnancy and the importance of waterpipe tobacco smoking cessation. 
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